Colicin E-resistant mutants were isolated in Escherichia coli K-12 which, although still apparently possessing the E receptor and adsorbing colicin, were nevertheless insensitive (refractory) to its effect. Eight phenotypic groups were obtained, but some mutants from three of these groups were all shown to map at gal, whereas a second refractory locus, giving resistance to El alone, mapped close to thy. It is suggested that the successful fixation of any of the three distinct colicins of group E may involve a dual role for the cell surface "receptor," the first for the binding of the protein and the second for the correct orientation of the bound molecule relative to the cytoplasmic membrane. The majority of the refractory mutants isolated may derive from changes in components concerned with the second of these receptor functions. Two groups of mutants, however, refractory to only El or E2, probably reflect changes in the intracellular transmission systems which specifically mediate the effects of these two colicins, the changes not allowing transmission through the cytoplasmic membrane to the respective targets of the colicins. The El adsorption site was shown to be distinct from that for E2 and E3, indicating an early separation of the colicin E transmission systems.
The killing of susceptible bacteria by colicin is a single-hit process (8) and follows the normally irreversible attachment of the antibacterial protein to cell surface receptors. The action of colicin may, however, be reversed by treating the cells with trypsin, which digests the colicin protein and immediately releases the "inhibition" (15, 17) . It was concluded from such experiments that colicins do not penetrate susceptible bacteria but remain at their external attachment site and act from there. Further evidence in support of this proposition was obtained by Maeda and Nomura (12) , using radioactively labeled E colicins to study the adsorption process. These workers also showed that, although susceptible bacteria may carry at least 2,000 to 3,000 colicin E receptors, only about 100 of these need be occupied before a successful (lethal) hit is achieved.
To explain the extracellular action of colicin, the low probability of the one-hit killing process, and other aspects of colicin action, Nomura (14) proposed that each colicin has an intracellular "biochemical" or "killing" target which is affected via the mediation of specific transmission systems located in the cytoplasmic membrane. If this were true, then it should be possible to isolate mutants, resistant to colicin, in which resistance is due to a heritable change in one or more components of the transmission system rather than to a change in the properties of the receptor. Some colicin-resistant mutants, apparently still carrying the E receptor, have indeed been reported by Nomura (14) and by Clowes and Moody (2) . In our attempts to investigate the biochemical basis of susceptibility to colicin E in Escherichia coli K-12, we have designed methods for obtaining large numbers of E-resistant mutants whose capacity to adsorb colicin is nevertheless unimpaired. Such mutants we propose to term "refractory" to colicin E.
The group E colicins are particularly useful for such a study, since the E receptor is in fact shared by three colicins, namely, El, E2, and E3, and in addition by the bacteriophage BF23 (3) . Moreover, the mode of action of these colicins appears to be quite distinct; El causes uncoupling of oxidative phosphorylation (11) , E2 inhibits deoxyribonucleic acid synthesis, and E3 causes suppression of protein synthesis (13) . On the Nomura model, therefore, the E receptor is envisaged as being a site from which one or more trans-HILL AND HOLLAND mission systems must diverge to at least three distinct targets.
The results described hera demonstrate the existence of several distinct celsses of refractory mutants and therefore confirm the presence of several "steps" in the mode of action of colicin E subsequent to the adsorption of the bacteriocin. It is suggested that such steps may not necessarily involve internal transmission components; hitherto unsuspected, secondary functions of the surface receptor itself may be involved.
MATERIALS AND METHODS
Organisms. E. coli colicinogenic strains, CA38 (col E3) (4), ML (col El) (8) , and the colicin-susceptible strain K-12-ROW and its colicin E-resistant derivative, ROW/E (10), were obtained from P. Fredericq strains lacking the E receptor were completely resistant to all colicin preparations, indicating the absence of significant levels of any additional antibacterial agents.
Production of colicin E-resistant mutants. NB containing 2-aminopurine (500 ,ug/ml; Sigma Chemical Co., London) was inoculated with different Hfr strains and incubated at 37 C for 14 hr without shaking. The cultures were then plated on NB agar plates (without mutagen), which had been overlayered with top agar containing 8,000 units of one of the three E colicins. In untreated cultures the frequency of Eresistant mutants varied between 10-5 and 3 X 10-6; the frequency increased 10 to 50 times after treatment with 2-aminopurine. Each mutant selection was made separately against all three colicins, and platings were made in duplicate in each case, for incubation at both 30 and 40 C. After 14 to 20 hr of incubation, resistant colonies were replicated to different NB plates, each containing one of the three colicins. Replication to each colicin plate was also in duplicate for incubation at 30 and 40 C. After 16-hr master and replica plates were compared and the mutants assigned to various classes, 68 to 80% were usually resistant to all three colicins at both temperatures, irrespective of the colicin actually used for selection. Such mutants, which were termed Er, were also resistant to phage BF23. These mutants were judged to be receptor-negative and were discarded. The remaining strains. demonstrated susceptibility to at least one colicin, and were purified and tested further. Although several mutant selections were carried out with each of the four Hfr strains, the pattern of refractory mutants obtained was usually quantitatively and qualitatively very similar. The one exception was strain HfrBll-56, which is the only strain giving rise to Ref-II mutants ( Tests for colicin E and K resistance. For tests with colicin E, colicin preparations were streaked on NB agar plates, allowed to dry, overlayered with top agar, and finally cross-streaked with test strains grown to late-log phase. For colicin K tests, NB agar plates were streaked with late-log-phase cultures of E. coli K-235 (col K) as described by Goebel and Barry (5). After 14 hr of incubation at 37 C, bacterial growth was removed; the plates were treated with chloroform and overlayered with top agar before cross-streaking with test strains as above. All resistance tests were normally made at both 30 and 40 C and plates were incubated for 48 hr before scoring.
Methylene blue (MB) sensitivity test. Overnight cLltures of test strains were streaked on NB agar containing MB (100 pug/ml), incubated for 14 hr at 37 C, and then scored for presence or absence of growth. Plate receptor tests for resistant mutants. The presence of colicin E receptors in resistant strains was checked directly by the following method. NB agar plates were overlayered with top agar containing 6 X 103 units of E2 or E3 or 4 X 104 units of El. Small streaks from 14-hr broth cultures of resistant strains were applied to the colicin-layered plates and incubated for 14 hr at 30 or 40 C according to the optimal temperature for expression of resistance in the mutant under test. Plates were sterilized by chloroform vapor and overlayered with top agar; the plates were then layered with top agar seeded with E. coli ROW. After incubation for 14 hr, mutant test streaks were scored as refractory (adsorbing) or nonrefractory (nonadsorbing) according to whether they bore a replica "cap" of strain ROW in the topmost layer. Refractory strains adsorb colicin as it diffuses through the agar and thus allow growth of indicator seeded above. The strains which have lost the receptor do not impede the passage of colicin, which is then free to kill the indicator in the top layer. As colicin El may occasionally be inactivated under test conditions, where possible all incubations were at 30 C.
Linkage analysis. Exponentially growing cultures (108 to 6 X 108 cells/ml) of Hfr and the F-strain 203 in NB were mixed in equal proportions and incubated with gentle swirling at 37 C. After 90 min, the mixture was diluted through 0.07 M phosphate buffer (pH 7.0) and plated on appropriate M9 selective plates plus streptomycin. Plates were incubated for 48 hr at 37 C, and recombinants were counted before replicating to NB agar plates overlayered with top agar plus 4,000 units of colicin El, E2, or E3. When experiments involved strains with multiple-resistance mutations, replication was made to all the appropriate colicin plates to~determine the complete E refractivity pattern of recombinants.
Interrupted-mating experiments. Exponentially growing Hfr and F-(strain 203) bacteria in NB were mixed in equal proportions (108 cells/ml) and shaken gently at 37 C for up to 2 hr; 0.1-or 0.2-ml samples were removed at intervals, diluted 10 or 100 times into ice-cold 0.07 M phosphate buffer in a 30-ml vial, and immediately blended for 2 min at full speed with a Flask Shaker (B.T.L. Laboratory Centre, Birmingham, England). Blended samples were then where necessary diluted through buffer and plated in duplicate on M9 selective plates plus streptomycin. For the direct selection of colicin-resistant recombinants, diluted samples were plated on NB agar plates plus streptomycin and incubated for 4 to 5 hr at 37 C before the addition of a top layer of soft agar plus 4,000 units of colicin. Incubation was then continued for a further 36 hr at 30 C.
RESULTS
Adsorption oJ colicin E by refractory mutants.
To screen large numbers of colicin E-resistant mutants for the presence of colicin E receptors, the plate receptor test was devised. The strains to be tested were grown to stationary phase in NB at 37 C and streaked on NB agar containing colicin E; after overnight growth, the receptor test was completed as described in Materials and Methods. Each strain was grown in the presence of each colicin E to which it was resistant; when resistance was primarily expressed at one temperature, the receptor test was carried out at that temperature. On the basis of the test, each strain was designated as refractory (adsorbing) or nonrefractory (nonadsorbing) with respect to the appropriate E colicin. Both refractory and nonrefractory mutants were then assigned to different phenotypic groups according to their resistance pattern (Table 2) .
Since the receptor test, although carried out under standard conditions, was only a qualitative test for the presence of colicin E receptors, additional experiments were carried out to determine its validity. Several representatives of each class of refractory mutant were selected and grown to early stationary phase in NB at temperatures at which refractivity to each E colicin was expressed. The cells were thoroughly washed and resuspended to a final cell density of 3 X 109 bacteria/ ml, then mixed with the appropriate colicin, incubated 10 min at 37 C, and centrifuged; the supernatant fluids were then assayed for residual colicin activity and the amount of colicin adsorbed, calculated by subtraction from the initial activity. As controls, each colicin was also incubated without cells or with the colicin-sensitive strain ROW, and the final colicin activity was determined by assay. ous finding that at least several mutants in each phenotypic class had retained their normal complement of colicin E receptors.
It was also necessary to ensure that the resistance of these mutants was not due to the production of proteases. Thus, colicins El, E2, and E3 were mixed directly with the culture filtrates of the test strains described in Table 1 , but there was no decrease in bacteriocin activity; hence, the presence of proteolytic enzymes produced by refractory mutants could be discounted. As a final control of the reliability of the receptor plate test, one strain of each class of refractory mutant was selected and streaked against a colicin (usually El at 30 C) to which it was still sensitive. Spontaneous mutants were picked from inhibition zones and tested for colicin and phage BF23 sensitivity at both 30 and 40 C. Those mutants showing newly acquired resistance to phage and to all three colicins were then purified. These strains, with properties like those of the receptor-negative mutant, ROW/E, scored as receptor-negative when tested for receptors in the plate test, in contrast to their parent strain. If the original mutation to refractivity had involved the production of a protease rather than a change in the colicin E transmission system, one would have expected such strains to continue to score as refractory in the plate test by virtue of the destruction of colicin in the vicinity of the resistant colony.
Types of mutants obtained. When cultures of strains grown with or without 2-aminopurine were plated on colicin lawns, the majority (70 to 80% of the total) of the surviving colonies were resistant to all three colicins and also to phage BF23. Such mutants, which we designate Er, are probably all receptor-negative and they have not been studied further in this investigation. Nearly all the remaining mutants when Table 2 . Table 6 . In a few strains, small numbers of colicin El-refractory, his recombinants were obtained a Hfr males carrying this E32 refractivity marker were incubated with an P-colicin-sensitive strain (203) for 90 min at 37 C before plating for different prototrophic recombinant classes.The recombinants were replicated onto El, E2, and E3 colicin-containing lawns, and the frequency of the unselected E32 refractory marker was determined.
b The numbers indicate the number of different E32-refractory Hfr strains tested with results virtually identical to that for the example shown in parentheses. Table 4 and in Materials and Methods. Selected recombinants were again replicated to colicin lawns of El, E2, and E3, incubated at 40 C, and scored for the unselected E refractivity marker.
but no close linkage to histidine or any other marker was found. Assuming the involvement of only a single El (MB-sensitive) locus among all these strains, this indicated a location somewhere in the segment carrying the str and thy genes. In the absence of the appropriate Hfr strain for further linkage analysis, interrupted-mating experiments with El refractory strains of HfrBll and HfrR4 were carried out and the time of entry of El refractivity was determined (Fig. 2) . Colicin El refractivity enters late in both of these strains and so its location cannot yet be determined precisely. Nevertheless, although the Hfr strains used were of opposite polarity, both gave a time of entry corresponding to approximately the same point, i.e., about 25 min clockwise from his, presumably in the neighborhood of the thy locus (Fig. 1) .
Mapping of other refractory mutants. Two strains of HfrH carrying the Ref-IV (E32, colicin K-sensitive) mutation were crossed with the Fstrain 203, and selection was made for thr, leu, gal, and trp recombinants; no linkage of any of these markers to E32 refractivity was obtained.
Attempts to locate the Ref-VII (E23) refractory locus were carried out with six strains of HfrR4 and four strains of HfrH, selecting for thr, leu, and arg, and thr, leu, gal, trp, and his recombinants, respectively. Although no E23 linkage with selected markers was obtained, it can be said that none of these mutations maps in the neighborhood of the gal locus; they are possibly located in the region between arg and his, which is not covered by these Hfr strains. The mapping of the remaining major group of refractory mutants, E23o, has also been completed; the results, together with more detailed properties of these mutants, will be published elsewhere. Before discussing these results further, it is important first of all to consider in toto the elements of the Nomura model of colicin action on sensitive cells and to define a colicin E "reception system" as the chain of components including cellsurface adsorption sites, any transmission components and even the biochemical target elements themselves, which permit a successful and specific connection to a particular colicin molecule. In its simplest form, the model predicts that, by definition, refractory mutants should be blocked in either of the latter two functions. In our view, this would be too simple an interpretation, since it presupposes that the specificity of the cell surface "receptor" is restricted to a passive binding of the bacteriocin protein. On the contrary, in view of the complicated interlocking structure of the bacterial surface layers outside the cytoplasmic membrane, it seems reasonable to suppose that the successful (lethal) insertion of a specific bacteriocin into this matrix involves more than the simple attachment of the protein to some terminal polysaccharide residues. We would suppose rather that a particular complex arrangement of, e.g., lipopolysaccharides is required not only for specific linkage to the bacteriocin but also for the necessarily correct orientation of the attached molecule vis a vis the cytoplasmic membrane and the other components of colicin reception. If we accept this bifunctional role for the surface elements of E-reception, it follows that refractory mutants might arise which, although still adsorbing colicin, have some alteration in "receptor tertiary structure" that renders them resistant. As a working hypothesis, therefore, we would extend the Nomura model of a transmission system, linking the adsorbed colicin to its target, to include both intracellular components and components of the cell surface itself.
We may now attempt to relate the results of the present study to a possible "pathway" for colicin E-reception. Separation of the colicin E "pathway" probably takes place within the receptor since, although the vast majority of receptornegative mutants are of the S, type and therefore unable to adsorb El, E2, or E3, receptor-negative mutants may be isolated whose capacity to adsorb E3 and E2 but not El has been lost (groups IX and X, Table 3 ). This probably reflects the presence of physically distinct El, from E2 and E3 specific fixation sites. In support of this, it has been shown (unpublished data) that prior adsorption of E2 to bacterial cells subsequently inhibits the adsorption of E3 but not of El. Although both the El, and E2 and E3, adsorption sites must contain some common constituents, fixation of E2 or E3 clearly necessitates the presence of at least one additional receptor component. No further study of the nonrefractory mutants, which appear to have lost part of the colicin E-receptor, has been carried out, but their abundance and varied phenotype indicates the complexity of the E-receptor.
The early separation of the El transmission system from that for E2 and E3 is also suggested by the isolation of many mutants doubly refractive to E2 and E3, whereas strains refractive to both El and E2 or El and E3 have not been isolated. Nevertheless, the isolation of mutants from that of the other two, there may exist common chemical components in the three reception systems at the post-fixation level. Presumably, this might explain the insensitivity of some mutants to colicin K, a colicin which does not adsorb to the E-receptor. Although we have postulated that some receptor elements may exist in addition to those for colicin adsorption, it is not possible to decide whether the refractory mutants described here reflect alterations at this or other levels of the transmission system. Examination of the polysaccharide content of refractory mutants or their permeability properties might indicate whether any of the mutations involve, for example, receptor tertiary structure or changes in some membrane component.
Two (2), may be defective in some flavoprotein of the electron transport chain, whereas, among Ref-Il (E230) mutants, some strains appear to be defective in the repair of DNA damaged by radiation (Holland, in preparation). The elucidation of the biochemical basis of the mutational block in these mutants may therefore yield not only an understanding of the mode of action of colicin E but possibly also of the mechanism of the integrated control of macromolecular synthesis in E. coli.
